Hypervelocity impacts are accompanied by electromagnetic emissions originating from the impact-induced plasma. Most studies in the past have been devoted to analyzing and interpreting spectra in the visible regime. Only little effort has been spent on understanding emissions in the radio frequency spectrum and giving explanations of their origins from microscale processes. This publication compiles and reviews most relevant processes that are accompanied by radio frequency emissions and ranks them in terms of their dominance in hypervelocity impact plasmas.
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Introduction
The motivation behind the work stems from the quest to develop a novel means for detection of micrometeoroids and space debris (MM/SD) impacts on spacecraft structures or space-born detectors. This could enhance the knowledge of anomalies on spacecraft caused by MM/SD particles and lead to a possibility of validating MM/SD models in particular for the small-sized particle regime.
Past studies focused on experimentally proving the feasibility of recording radio frequency (RF) emissions from hypervelocity impacts. The challenges faced lie particularly in the small spatial extend of the plasma cloud and its rapid evolution with time. The former gives a small signal only, while the latter does not allow time averaging to reduce noise. That may be a reason why only a small number of experiments with varying success are published in open literature.
First observations of RF emissions were reported by Bianchi et al. in 1984 [1] . They impacted aluminum projectiles of around 1 g of mass onto hard leucitite rock with about 10 km/s and detected electromagnetic oscillations between 100 and 200 kHz with a system of 300 kHz bandwidth. They argue that rock fracture rather than the generated impact plasma yields responsible for the signal because the small cloud dimensions do not allow for low frequency generation. Furthermore, the signal frequency was not changing as expected for a rapidly expanding plasma.
Takano et al. [2] setup an RF probe for recording frequencies at about 22 Ghz. They impacted nylon cylinders with metal screws of 0.21 g of mass at 4 km/s onto aluminum targets and recorded several random pulses in each experiment. They assume that the emissions originate from the target material or the impact plasma cloud without giving reasons.
Finally, Starks et al. [3] conducted experiments similar to those of [2] . They impacted 0.9 mm thick Ti6Al-4V flyer plates with a diameter of 17 mm onto indium foil at more than 10 km/s. Two horn antennas positioned behind the target foil were supposed to pick up any RF emissions from the downrange debris cloud around 22 Ghz. However, despite five hypervelocity impact tests, no RF emissions from the plasma were detected.
Theoretical investigations of plasma-produced radio-frequency emissions can be found in [4] and [5] . Both present emission models that are exclusively based on plasma oscillations. However, whether the mechanism of electromagnetic wave generation by plasma oscillations is physically actually possible remains a matter of controversy as discussed in [6] and associated comment and reply in [7] and [8] .
Although it is important for experimental studies to understand whether the origin of emissions lie in the target material behind the point of impact or in the plasma cloud in front of the target, this study focuses on mechanisms inside the plasma cloud. At some stages, simplifying assumptions are necessary to make analytical statements that allow a quantitative comparison of different processes and thus to identify processes that are relevant for emissions from hypervelocity impact plasmas.
Hypervelocity impact plasma
Experimenters resort to Langmuir probes and spectroscopy to take measurements on hypervelocity impact plasmas. These instruments allow to deduce fundamental plasma parameters, such as electron density n e , electron temperature T e and degree of ionization . Order of magnitude estimates are published for each of the parameters mainly depending on impact velocity. At moderate impact velocities below 5 to 7 km/s, the corresponding impact plasma has a low degree of ionization of ~ 10 -6 [9] . Electron densities lie around 10 9 to 10 11 cm -3 [10] [11] and electron temperatures lie around 4000 K [11] which is confirmed from a theoretical point of view [12] . The high velocity regime is defined to start somewhere between 20 km/s and 40 km/s. It is characterized by a significantly higher degree of ionization of around 0. [11] . The large variations of several orders of magnitude for some plasma parameters have origin mainly in different physical mechanisms for ionization that are triggered depending on impact velocity [11] . There is also large temporal and spatial variation due to the rapidly expanding plasma cloud. Therefore the time of measurement after impact and the location of probing is crucial for a reasonable estimate on the plasma parameters. Despite its importance, the time and location stamp is rarely stated in publications.
This study focusses on the time at which the plasma cloud is sufficiently tenuous to be treated as an ideal plasma, i.e. the plasma cloud has gone through a state of strong coupling and expanded sufficiently that the criterion for ideal plasma is valid. The definition is based on the number of particles in a Debye sphere N D which is a measure of the dominance of thermal energy versus the potential (Coulomb) energy of a particle at a mean distance to an oppositely charged particle. For ideality to hold, N D >> 1 [13] (Eq. (1), (2)). Fig. 1 illustrates the dependence of the ideality criterion on electron density. The continuous curves represent a single ionized plasma at T e = 10 000 K (blue curve) and at T e = 100 000 K (red curve), the dashed curves represent a plasma at a low degree of ionization ( -6 ) with temperature color-coded in the same way. A hypervelocity impact plasma starts at densities close to solid state densities of ~ 10 23 cm
. With the expansion of the plasma and the decrease in electron density, the dominance of thermal energy over Coulomb energy is finally established when N D >> 1 holds (represented in the graph as a line at N D = 10). For different temperatures and degrees of ionization, the ideality criterion is fulfilled for a wide range of plasma parameters. With increasing temperature and decreasing ionization, the state of ideality is reached in a decreasingly shorter time after impact. Only low temperature, single ionized plasma remains in a state of non-ideality over several orders of magnitudes of plasma densities before reaching the ideal plasma state. Kinetic energies of below 1 eV, however, are unlikely to yield degrees of ionization close to 1. Hence, hypervelocity impact plasmas, under the assumption stated here (Section 2), can be treated as an ideal plasma over a large range of plasma parameters.
Underlying assumptions
This publication relies on analytical expressions that are usually available only for simple cases of plasma. Simplifying assumptions for the special case of hypervelocity impact plasma are therefore necessary and stated in the following.
Most generally, the emissivities for each mechanism are derived for a volume of homogenous plasma that is sufficiently far away from any borders to neglect boundary effects. Furthermore, density inhomogeneities and dust particles are assumed to have a negligible influence on the emissivities.
All mechanisms rely on the interaction between electrons and ions. Because the ratio of ion mass to electron mass is large and of the order of 10 4 , the ions have a narrow velocity distribution with negligible velocity components compared to the much faster electrons. Therefore, the ions are considered to form a static positive background while the electrons are in motion.
The number of electrons present in a plasma at a given temperature is mainly determined by the degree of ionization (Eq. (3)). In particular for moderate impact velocities the ionization is not close to unity but more of the order of 10 -6 (Section 1.1). The plasma parameters plotted in the following are plotted for two cases, single ionized plasma and, for plasma with a low degree of ionization, assuming an electron density (3) Free electrons are assumed to be in local thermodynamic equilibrium during the expansion process, i.e. a MaxwellBoltzmann velocity distribution among electrons is established latest when the plasma ideality criterion holds. This requires In all four illustrated cases with varying plasma parameters in Fig. 2 ee becomes similar to the lifetime of the plasmas during the expansion process. At that point the assumption of a local thermodynamic equilibrium among free electrons is violated. The electron distribution is then said to be frozen in [16] . This effect is neglected for the estimates in this publication.
(4)
For all temperatures considered here, ions are mostly single ionized. For the derivation of emissivities, all ions are treated as being single ionized with an effective atomic number Z = 1. It is also justified to assume that they form a pure Coulomb potential, thus neglecting any deviations from the pure potential potentially arising from the atomic structure.
The radio frequency spectrum ranges between 3 kHz and 300 GHz. Since laboratory hypervelocity impact plasmas are usually spatially restricted to some cm in extent, the investigation of emissions makes sense only for frequencies above 1 GHz, which corresponds to a wavelength of approximately 10 cm. On the upper end, the emissivities are plotted for values exceeding into the ultraviolet spectrum for instructive purposes.
Finally, the frequency range is separated into a spectrum below the plasma frequency and a spectrum above the plasma frequency f p (Eq. (5)). This approach presents the simplest model to take into consideration the varying optical properties for electromagnetic waves propagating inside a plasma. Waves below the plasma frequencies are evanescent, while those above propagate almost undisturbed [17] . 
Collisional radiative emission mechanisms
Electromagnetic emission mechanisms broadly split into two groups. The first group comprises collisional radiative mechanisms such as free-free or bremsstrahlung, free-bound and bound-bound emissions. These emissions result from the individual motion of charge carriers. A second group contains coherent or non-thermal emission mechanisms, i.e. emissions that result from the collective motion of charged particles and is discussed in Section 4.
Free-free emission
Free-free or bremsstrahlung emission origins from accelerated charged particles. In a plasma, the relevant interaction is that of electrons with ions. Electron-electron bremsstrahlung is usually weak due to its symmetry, ion-ion Fig. 3 . Emissivity from free-free scattering of electrons on single ionized ions for various electron densities ne and Te = 10 000 K (blue) and Te = 100 000 K (red). The dashed continuation of the curves at low frequencies indicate the region where f < fp, thus a non-transparent plasma. encounters are rare due to lower average velocities compared to electrons. Bremsstrahlung can be analytically described by statistically averaging the differential scattering cross section over an electron velocity distribution. For the MaxwellBoltzmann velocity distribution, the emissivity is given by Eq. (6) [18] : (6) Quantum-mechanical corrections are incorporated in the Maxwell-averaged gaunt factor g ff . For the order of magnitude estimation in this publication it is set to unity.
Eq. (6) is plotted in Fig. 3 for different plasma densities and temperatures. As discussed above, the spectrum is divided into a region below (dashed curve) and a region above (continuous curve) the plasma frequency f p while only latter is relevant for electromagnetic emissions. Only at low densities, the plasma becomes transparent for the radio frequency spectrum. In this region, the emissions vary only slightly with temperature or frequency. On the other side, when the average kinetic energy of the electrons becomes similar to the photon energy k B , free-free emissions drop sharply. For increasingly hotter plasmas, the spectrum exceeds to higher frequencies.
Free-bound emission
Electrons from the low-energy part of the velocity distribution are likely to recombine with a positively charged ion resulting in a photon with higher energy than the initial kinetic energy of the electron. An approximate analytical expression derived for hydrogen plasma is developed in [18] . The method considers each electron to contribute proportionally to the classical spectrum. This can be separated into a continuous spectrum, formed by photon energies smaller than the kinetic energy of the original electron, and a discrete spectrum, formed by photon energies larger than the kinetic energy of the original electron. The probability to recombine into an atomic level n is derived from the assumption that with many recombinations, the classical spectrum must be obtained. From this application of the correspondence principle Eq. (7) is derived. The sum in the equation is over all principal quantum numbers n and gives rise to recombinations steps in the spectrum with a sharp edge on the low-energy side and a gradually declining edge on the high-enery side. This stems from electrons with non-zero kinetic energies that emit photons with energies above those of the recombination steps.
Eq. (7) is plotted in Fig. 4 for two different densities and temperatures. The recombination steps are peculiar in the visible and ultraviolet spectrum, while their step height decreases with decreasing photon energies until the spectrum falls off drastically at even lower photon energies. This corresponds to the fact, that with lower emitted photon energies, the number of electrons with energies even lower becomes less. In this region, it is therefore more likely for an electron to have sufficient energy to escape the ions potential instead of being bound. Those electrons then contribute to the free-free spectrum discussed in Section 3.1.
(7) Fig. 4 . Emissivity of free-bound scattering of electrons on single ionized ions for T = 10 000 K (brown) and T = 100 000 K (red) for single ionized plasma at different densities. The dashed continuation of the curves at low frequency indicate the region where f < fp, thus a non-transparent plasma.
A different method to obtain an estimate on recombination emission is developed in [19] (Eq. (8) ). The authors average over theoretically calculated absorption cross sections and introduce a factor (Biberman factor), that, similar to the Gaunt factor incorporates corrections to the approximate formula posed upon by quantum mechanics and different atomic species. The Biberman factor ranges from 0.5 to 4 [20] , so that the plot in Fig. 4 is correct to one order of magnitude.
A comparison between the two methods shows that the curves correspond well in the optical region. Recombination steps for the method by Biberman are averaged out and thus not existent in the model. In the infrared and terahertz region, the curves lie very well on top of each other while in the lower end of the radio frequency spectrum, a cut-off in Kramers plot is visible that is not existent in the Biberman model. Both models predict a negligible influence of recombination emission in the radio frequency region compared to free-free emission.
Bound-bound emission
Estimates on the emission from bound-bound transitions require detailed knowledge on the atomic structure of atoms involved. In the radio frequency spectrum, the transitions can simply be neglected due to long lifetimes of highly excited atomic states, so-called Rydberg states.
The Bohr model explains the discrete transition in the hydrogen atom and but it also reflects the properties of Rydberg states [21] . The minimum quantum number involved in bound-bound emissions in the radio frequency spectrum can be estimated by taking the atomic energy level that corresponds to the most energetic photon in the radio frequency spectrum with f = 300 GHz. Using Eq. (9) from [21] this calculation yields n which is well in the Rydberg region. In general, 
Coherent emission mechanisms
Coherent or collective emission mechanisms, contrary to collisional radiative mechanisms, involve a large number of electrons that exhibit a collective motion as an electron cloud rather than the motion of individual particle. This electron cloud moves in a static background of ions and emits electromagnetic radiation. Two models are published in open literature based on emission from plasma oscillations.
A static model [4] assumes that the electron cloud radiates like a Hertzian dipole of length equal to the Debye length D . Eq. (10) gives the average power emitted by such a plasma dipole. For an ideally static plasma cloud, the emission takes part at one frequency only which prevents the conversion into units of emissivity.
a unit volume by multiplication with a factor 1m 3 / D 3 , a integrated emissivity (in W / m 3 sr) can be specified (Eq. (11)). This implies no losses by interference or absorption, which may not hold in reality but yields an upper boundary for the emissions.
This boundary would be quite high compared to other emission mechanisms mentioned so far. 
A second model [5] integrates the oscillatory motion of the plasma electron cloud into the Larmor formula that relates accelerated charges with their corresponding emission. The expression is then Fourier-transformed to yield the spectral power density. The levels of spectral power density can be approximated to 1 mW/Hz (by granting an uncertainty of one order of magnitude) for a wide range of frequencies from the ultraviolet to the radio frequency regime.
Coherent emission models
A comparison between both, the static and dynamic model, leads to a similar expression in the limiting case of zero expansion velocity, thus assuming a static plasma cloud. A difference arises from the assumed volumes of radiation. While [4] assumes the whole plasma cloud to radiate, [5] assumes the radiation from a Debye sphere in a plasma. This latter assumption could reduce the emissions by interference between multiple radiating spheres within the plasma.
Another difference arises in the applicable range. The dynamic model is limited explicitly to the time after collisional processes have ceased and electrons can freely oscillate. Fig. 5 plots the ratio of plasma frequency to electron-electron collision frequency 1/ ee against electron density. The gray line at a value of f p ee = 10 indicates the density above which plasma oscillations can freely develop undisturbed from electron-electron collisions. At high densities and high degrees of ionization, a significant density interval exists, in which the electron oscillations would be significantly disturbed by electron-electron collisions.
In general, the models predict emissions that are magnitudes higher than those of collisional radiative processes. Their absolute values are large for a reasonably sensitive measurement setup in the radio frequency regime. Thus, there is a discrepancy of those models with actual experiments that have, until now, not shown the emission of large radio frequency peaks. An explanation could be that electrostatic waves do not directly radiate in the electromagnetic spectrum. Their conversion to electromagnetic waves requires inhomogenities such as turbulences or density gradients [22] [23] , that are not explicitly mentioned in either model. The inclusion of a conversion efficiency factor reduces the level of emissions predicted and could thus remove the discrepancy between experiments and models. 
Summary
Mechanisms in plasmas that emit electromagnetic radiation are manifold. Relevant mechanisms for hypervelocity impact plasmas are discussed. Among those, emissions from collisional radiative processes are best understood and analytically treatable. Relevant for the microwave region is only the free-free emissions that could be detected when plasma density is sufficiently tenuous to be transparent to electromagnetic waves in the radio frequency spectrum. Their level of emission, though, is very low for plasma parameters similar to those measured from impact plasmas in laboratories.
Coherent emission mechanisms could also add to the emissivity from collisional radiative processes. However, the absolute values predicted by theories are not supported by experiments up to date. This questions the assumptions on which the models are based. The consideration of resonances at which electrostatic waves convert to electromagnetic waves might yield a solution that removes the discrepancy between experiment and model. The quantitative statements above are valid with some underlying assumptions. However, they approximate the physics and help understand the processes in hypervelocity impact plasmas. They allow the design of experiments dedicated to detect radio frequency emissions from hypervelocity impact plasmas. Experimental results will support the development of a model that is less restrictive in its assumptions than the emissivities derived here. Important effects to be included for a hypervelocity impact plasma emission model closer to reality are the effects from plasma cloud dynamics, boundaries, neutrals and large-grain dust particles.
